Following infection with the protozoan parasite Leishmania major, C57BL/6 mice develop a small lesion that heals spontaneously. Resistance to infection is associated with the development of CD4 ؉ Th1 cells producing gamma interferon (IFN-␥) and tumor necrosis factor (TNF), which synergize in activating macrophages to their microbicidal state. We show here that C57BL/6 mice lacking both TNF and Fas ligand (FasL) (gld TNF ؊/؊ mice) infected with L. major neither resolved their lesions nor controlled Leishmania replication despite the development of a strong Th1 response. Comparable inducible nitric oxide synthase (iNOS) activities were detected in lesions of TNF ؊/؊ , gld TNF ؊/؊ , and gld mice, but only gld and gld TNF ؊/؊ mice failed to control parasite replication. Parasite numbers were high in gld mice and even more elevated in gld TNF ؊/؊ mice, suggesting that, in addition to iNOS, the Fas/FasL pathway is required for successful control of parasite replication and that TNF contributes only a small part to this process. Furthermore, FasL was shown to synergize with IFN-␥ for the induction of leishmanicidal activity within macrophages infected with L. major in vitro. Interestingly, TNF ؊/؊ mice maintained large lesion size throughout infection, despite being able to largely control parasite numbers. Thus, IFN-␥, FasL, and iNOS appear to be essential for the complete control of parasite replication, while the contribution of TNF is more important in controlling inflammation at the site of parasite inoculation.
In the experimental murine model of infection with the intracellular protozoan Leishmania major, susceptibility to infection has been correlated with the development of lesions associated with a Th2 type of immune response, while healing of lesions in resistant mice has been correlated with the development of a Th1 type of immune response (reviewed in reference 27). The resolution of lesions has been shown to involve several factors contributing to the killing of L. major within macrophages. The most efficient mechanism of parasite destruction involves the production of gamma interferon (IFN-␥) by CD4
ϩ Th1 cells, which induces the synthesis of inducible nitric oxide synthase (iNOS), generating the production of reactive nitrogen radicals toxic for the intracellular parasite (reviewed in reference 4). Tumor necrosis factor (TNF) has also been shown to be involved in parasite killing in a process that depends on NO production, and endogenously produced TNF has been reported to be necessary for NO production by macrophages in vitro (3, 12, 17, 33) .
The importance of TNF in the control of infection with Leishmania has been studied extensively, but its exact role remains unclear. Mice resistant to infection with L. major were shown to produce significant amounts of TNF in their draining lymph nodes during the course of infection, while no TNF was detectable in susceptible animals (35) . Injections of recombinant human TNF (rhTNF) into either resistant or susceptible strains of mice had a therapeutic effect on the course of infection, with reduced parasite numbers at the site of inoculation, while administration of monoclonal antibody (MAb) directed against TNF exacerbated the course of infection, with a 10-fold increase in parasite numbers 21 days after infection (35) . In a model using transgenic mice expressing high levels of soluble hTNF receptor p55 (hTNFRp55) fusion protein, high-expressor mice on a C57BL/6-resistant genetic background developed severe lesions that ultimately ulcerated (11) . Mice genetically deficient for TNFR1 (TNFRp55 Ϫ/Ϫ ) developed a Th1 response and showed a transient increase in parasite burden but eventually cleared parasites from their lesions (15, 24, 36) . Surprisingly, C57BL/6 mice lacking the TNF gene developed a Th1 response but were not able to control parasite dissemination and succumbed to infection (38) . Taken together, these results show that although TNF is involved in lesion healing, its precise role in the control of parasite replication remains to be determined.
The Fas/Fas ligand (FasL) system is another pathway reported to be involved in the full resolution of L. major lesions. MRL/lpr and B6.lpr mice, which are deficient in Fas (CD95) expression, failed to achieve complete resolution of their lesions even in the presence of a strong Th1 response, and they only partially controlled parasite replication (6, 13) . In another study, B6.lpr mice were observed to have a delay in lesion resolution (15) . Mice deficient for functional FasL (gld), due to a point mutation resulting in a nonfunctional form of FasL on the cell surface (20, 31) , also failed to heal their lesions and did not successfully control parasite multiplication despite the development of a Th1 type of response (6) . It was further shown that early after infection, extensive cell death occurred within the draining lymph nodes of mice resistant to L. major, while apoptosis was minimal at the same time of infection in the draining lymph nodes of susceptible BALB/c strains (7) . The Fas/FasL pathway was also required for the cytotoxicity exerted by CD4
ϩ Th1 cells in several in vitro studies (14, 26, 30, 39) , and activated CD4 ϩ Th1 cells have been shown to express FasL while Th2 cells were FasL negative (26, 40) .
Thus, in the absence of functional TNF or Fas/FasL systems, but in the presence of a Th1 response, mice from a resistant genetic background fail to completely resolve their lesions upon infection with L. major and delay control or fail to control parasite growth within these lesions.
In order to investigate the respective contributions of TNF and FasL in the control of parasite replication and lesion development after infection with L. major, we infected B6.gld ϫ B6.TNF Ϫ/Ϫ (gld TNF Ϫ/Ϫ ) mice on the C57BL/6 resistant background and compared the course of disease, the primary response within the site of parasite inoculation, and the developing CD4
ϩ -T-cell response with that observed in mice deficient in a functional FasL or TNF pathway. The results obtained show that the control of parasite replication within the site of parasite inoculation requires not only iNOS and IFN-␥ but also functional FasL, while the contribution of TNF is minimal. Ϫ/Ϫ and B6.gld mice and subsequent interbreeding of the F 1 generation at the ISREC facility. The doublemutant genotype was checked by PCR specific for the FasL point mutation and TNF deficiency (16) . B6 ϫ 129-TNFRp55, B6 ϫ 129-TNFRp55p75, and B6 ϫ 129 mice were gifts from H. Bluethmann, F. Hoffmann La Roche, Basel, Switzerland. C57BL/6 and BALB/c transgenic mice expressing high levels of TNFRp55 have been described previously (11) . Animal research complied with the Vaud Veterinary Service guidelines.
MATERIALS AND METHODS

Mice
Parasites. L. major (LV39 MRHO/Sv/59/P strain) was maintained in vivo and grown in vitro as previously described (18) . Mice were injected in the hind footpads with 3 ϫ 10 6 stationary-phase promastigotes in a final volume of 50 l. Detection of cytokines. Mice from each group were infected with 3 ϫ 10 6 stationary-phase L. major promastigotes and sacrificed at selected time points after infection. Their draining lymph nodes were isolated and processed for intracellular fluorescence-activated cell sorter analysis or 5 ϫ 10 6 lymph node cells were restimulated in vitro in the presence of UV-irradiated L. major promastigotes. Supernatants were collected after 72 h of culture. IFN-␥ in the supernatants was measured by enzyme-linked immunosorbent assay, and interleukin-4 (IL-4) was detected by bioassay using the CTL44 cell line (gift of P. Erb, University of Basel) as previously described (10, 29) . The limit of detection was 10 IU/ml for IFN-␥ and 20 pg/ml for IL-4.
For intracellular staining, lymph node cells were isolated, homogenized, and washed in Dulbecco's modified Eagle's medium. The cells were stimulated for 4 h with phorbol myristate acetate (50 ng/ml) and ionomycin (500 ng/ml) in the presence of brefeldin A (1 g/ml). Quantitation of parasites. The number of parasites per lesion was evaluated by limiting-dilution analysis (34) . The estimation of the frequency was calculated using the program Estimfree based on the Taswell method (32) . The sensitivity of the technique is 10 parasites/g of footpads.
Determination of iNOS activity and nitrites. NOS activity was assessed as previously described (19) . Briefly, footpad tissues were weighed and homogenized in 0.04% Tween 80-saline solution (125 mg of tissue/ml of buffer). Crude supernatant was obtained by centrifugation of the homogenate at 10,000 ϫ g for 5 min. iNOS activity was measured by the conversion of radioactive L-[
14 C]arginine to L-[ 14 C]citrulline using the NOS Detect assay kit (Stratagene, La Jolla, Calif.).
For determination of nitrite production by bone marrow macrophages (BM M) in vitro, BM M were incubated with 2 ng of lipopolysaccharide (LPS)/ml (from Escherichia coli serotype 055-B5) (Sigma, St. Louis, Mo.) and increasing concentrations of IFN-␥ (R&D, Minneapolis, Minn.). Culture supernatants of macrophages were analyzed for their contents of nitrite (NO 2 Ϫ ) by the Griess reaction as previously described (9). The detection limit was 1 M.
Macrophages. BM M were obtained by in vitro differentiation in RPMI medium supplemented with 20% horse serum and 30% supernatant from L929 cells as a source of macrophage colony-stimulating factor. After 7 days of culture, nonadherent cells were removed, and the remaining adherent macrophages were detached and cultured in RPMI supplemented with 10% heat-inactivated fetal calf serum, L-glutamine (216 mg/ml), and 10 mM HEPES.
Intracellular survival of L. major in macrophages. BM M were infected with L. major overnight at a 10:1 ratio and then incubated with IFN-␥ (10 ng/ml; 100 IU/ml) and/or recombinant FasL (100 ng/ml) for 48 h. BM M were then washed three times, lysed, and incubated for 4 days with L. major growth medium (M199 plus 10% fetal calf serum) at 26°C. [ 3 H]thymidine was added for the last 16 h. The parasites were harvested, and the incorporation of radioactivity was measured.
Immunohistology. Footpads or lymph nodes were frozen in optimal cutting temperature compound (Sakura Finetek, Zoeterwoude, The Netherlands), and 7-m-thick frozen sections were prepared, fixed in methanol (5 min), and rehydrated in phosphate-buffered saline. Nonspecific binding sites were blocked in phosphate-buffered saline-1% bovine serum albumin for 30 min. The sections were then incubated with rabbit anti-mouse iNOS (Calbiochem, Schwalbach, Germany) for 60 min, followed by incubation with biotinylated donkey antirabbit antibody (Amersham, Freiburg, Germany) for 40 min, and revealed by streptavidin AP (Boehringer Mannheim, Rotkreuz, Switzerland). Counterstaining with hematoxylin-eosin was then performed.
Statistical analysis. The t test for unpaired data was used in statistical analysis.
RESULTS
gld TNF ؊/؊ mice do not control the development of their lesions following infection with L. major. In order to study the respective roles of FasL and TNF in resistance to infections with L. major, gld TNF Ϫ/Ϫ mice on a C57BL/6 background were injected subcutaneously with 3 ϫ 10 6 stationary-phase L. major promastigotes. The course of infection was compared to that of mice deficient for TNF only (TNF Ϫ/Ϫ ) or FasL only (gld), both also on a C57BL/6 genetic background resistant to infection with L. major. C57BL/6 and susceptible BALB/c mice were used as controls (Fig. 1) . The C57BL/6 mice developed small lesions that healed 8 weeks after infection. In contrast, the TNF Ϫ/Ϫ and gld TNF Ϫ/Ϫ mice developed lesions similar in size to those of susceptible BALB/c mice through 8 weeks of infection, after which the lesions did not increase any further in size and swelling spread to the leg and toes up to 3 months after parasite inoculation (data not shown). In 80% of the TNF Ϫ/Ϫ mice, lesion necrosis was observed 7 to 8 weeks after parasite inoculation (data not shown).
Mice of the gld strain developed slowly progressive lesions that were significantly smaller than those of BALB/c, TNF Ϫ/Ϫ , and gld TNF Ϫ/Ϫ mice ( Fig. 1 ) and which stabilized at ϳ1-to 1.2-mm diameter with no further increase (observed in three independent experiments up to 3 months after infection; data not shown).
Mice deficient in both FasL and TNF fail to control parasite replication within their lesions. The control of parasite growth in the lesions of gld TNF Ϫ/Ϫ mice was compared to that occurring in TNF Ϫ/Ϫ and gld mice (Fig. 2 ). Six weeks after infection, as expected, C57BL/6 mice efficiently controlled parasite replication within the site of injection, with an average of 4 ϫ 10 2 residual parasites per footpad. TNF Ϫ/Ϫ mice also controlled the number of parasites within their lesions, but slightly less efficiently, with an average of 9 ϫ 10 2 parasites/ footpad ( Fig. 2A) . The number of parasites measured in gld mice was five to six times higher than in TNF Ϫ/Ϫ mice. An even greater number of parasites was detected in the lesions of gld TNF Ϫ/Ϫ mice, with values 10 and 50 times higher than those observed in gld and TNF Ϫ/Ϫ mice, respectively ( Fig. 2A) . The number of parasites in lesions of gld TNF Ϫ/Ϫ mice, however, remained 2 to 5.5 times lower than those measured in the lesions of highly susceptible BALB/c mice. Significant differences in intralesional parasite numbers in gld TNF Ϫ/Ϫ , gld, and TNF Ϫ/Ϫ mice were observed in four different experiments, with parasite counts performed 4, 6, and 8 weeks after infection ( Fig. 2 and data not shown) . Thus, mice deficient in both TNF and FasL failed to control parasite replication at the site of parasite inoculation, while mice defective in TNF alone controlled parasite replication almost as well as resistant C57BL/6 mice, with no statistically significant difference. Mice defective for FasL controlled parasite replication within their lesions less efficiently than TNF Ϫ/Ϫ mice but better than gld TNF Ϫ/Ϫ mice. In addition, 6 weeks after infection, parasite spreading was observed in gld and gld TNF Ϫ/Ϫ mice, as revealed by the detection of parasites in the para-aortic lymph nodes, while no parasites were detected in the para-aotric lymph nodes of TNF Ϫ/Ϫ mice. Thus, among mice on the C57BL/6-resistant genetic background, the absence of both TNF and FasL resulted in the poorest control of parasite growth and dissemination.
In order to confirm the small role of TNF in parasite control within lesions of mice infected with L. major that was observed in TNF Ϫ/Ϫ mice, the parasite load was measured 6 weeks after infection in mice deficient in TNF signaling due either to the absence of one (p55 or p75) or both (TNFRp55 Ϫ/Ϫ and TNFRp55p75 Ϫ/Ϫ mice) TNFRs (Fig. 2B) or to the presence of high levels of soluble hTNFRp55 protein (Ͼ25 g/ml of serum) in C57BL/6 transgenic mice (Fig. 2C) . Six weeks after infection with L. major, these mice developed large lesions (data not shown), but all controlled the parasite numbers within their lesions quite efficiently (between 50 to 1,000 parasites per lesion). Thus, the lack of a functional TNF pathway only minimally affects the control of parasite replication following infection with L. major. These results are in agreement with those of previous studies involving mice deficient in TNFRp55 and TNFRp55p75 (15, 24, 36) , but they contrast with a report involving TNF Ϫ/Ϫ mice (38) . gld TNF ؊/؊ mice develop a Th1 response with elevated levels of IFN-␥ in their draining lymph node cells. As control of parasite replication is associated with the production of IFN-␥ by CD4
ϩ Th1 cells, the type of immune response developing in the draining lymph nodes of gld TNF Ϫ/Ϫ mice following infection with L. major was compared to those in gld and TNF Ϫ/Ϫ mice. BALB/c and C57BL/6 mice were used as controls. Six weeks after infection, draining lymph node cells from mice of each group were prepared, and the levels of IFN-␥ and bioactive IL-4 were analyzed in the culture supernatants of lymph node cells restimulated in vitro for 72 h with L. major (Fig.  3A) . Following restimulation, the levels of IFN-␥ in culture supernatants were highest in TNF Ϫ/Ϫ , gldTNF Ϫ/Ϫ , and C57BL/6 mice (seven to eight times those of BALB/c supernatants). The levels in gld mice were slightly lower, though still three times higher than the values measured in BALB/c supernatants (Fig. 4A) . It is noteworthy that the levels of IFN-␥ in unstimulated lymph node cells from TNF Ϫ/Ϫ and gld TNF Ϫ/Ϫ mice were already high (Fig. 3A) . No IL-4 was detected in culture supernatants of gld TNF Ϫ/Ϫ , TNF Ϫ/Ϫ , gld, and C57BL/6 mice 15, 30, and 60 days after infection with L. major (data not shown). As expected, elevated levels of IL-4 (3,800 pg/ml) were observed in the culture supernatants of lymph nodes of susceptible BALB/c mice.
To estimate the number of CD4 ϩ IFN-␥-secreting cells present 6 weeks after infection, draining lymph nodes of L. major-infected mice were isolated, stimulated in vitro by phorbol myristate acetate-ionomycin for 4 h, and stained for surface CD4 expression. The IFN-␥-producing cells were detected by intracellular staining (Fig. 3B) nodes of gld, gld TNF Ϫ/Ϫ , and TNF Ϫ/Ϫ mice were comparable (5.0, 4.9, and 6.2%, respectively), while that obtained for C57BL/6 mice was lower (3.3%) (Fig. 3B) . The mean fluorescence intensity in CD4 ϩ T cells isolated from mice deprived of FasL (gld TNF Ϫ/Ϫ and gld mice) was slightly (1.5 to 2.5 times) lower than that measured in cells from C57BL/6 and TNF Ϫ/Ϫ mice, suggesting that the average output of IFN-␥ per cell in cells deficient in FasL may be lower than that of C57BL/6 mice but could be compensated for by the higher percentage of cells producing IFN-␥ in these mice.
A significant proportion of IFN-␥ was also measured in CD4-negative cells, including predominantly CD8 ϩ T cells (70 to 80%), and in a small percentage of NK and B cells (data not shown).
The percentages of IFN-␥ ϩ CD4 ϩ T cells in the draining lymph nodes of uninfected mice were 0.4 to 0.5% in C57BL/6 and gld mice and 0.9 to 1.0% in gld TNF Ϫ/Ϫ and TNF Ϫ/Ϫ mice (data not shown). Thus, CD4
ϩ Th1 cells were differentiating in the draining lymph nodes of gld TNF Ϫ/Ϫ mice, as well as in those of TNF Ϫ/Ϫ , gld, and C57BL/6 mice, and higher levels of IFN-␥ were observed in the absence of TNF.
Semiquantitative reverse transcription-PCR analysis of lymph node cell mRNA confirmed that TNF Ϫ/Ϫ and gld TNF Ϫ/Ϫ mice synthesized four to five times more IFN-␥ mRNA than C57BL/6 and gld mice (data not shown). Taken together, these results demonstrate that lymph node cells of TNF Ϫ/Ϫ and gld TNF Ϫ/Ϫ mice produced IFN-␥ at levels higher than that of resistant C57BL/6 mice.
Expression of NO in gld TNF ؊/؊ macrophages. IFN-␥ has been shown to activate iNOS (NOS2), leading to the produc- (6), while resident peritoneal macrophages from TNFRp55 Ϫ/Ϫ and TNFRp55p75 Ϫ/Ϫ mice failed to produce NO and to control parasite replication upon stimulation with IFN-␥ in vitro (24) . To estimate whether gld TNF Ϫ/Ϫ macrophages, lacking both TNF and FasL, had any defect in macrophage activation, BM M isolated from gld TNF Ϫ/Ϫ mice were incubated with a nonactivating dose (2 ng/ml) of LPS and increasing concentrations of IFN-␥ (which failed to activate macrophages at these concentrations when used alone). Forty-eight hours later, the amounts of NO secreted in culture supernatants were compared to those observed in similarly treated culture supernatants of macrophages from TNF Ϫ/Ϫ , gld, and C57BL/6 mice (Fig. 4) . In several experiments, no significant differences in nitrite production were measured in cultures of macrophages from gld TNF Ϫ/Ϫ , TNF Ϫ/Ϫ , and gld mice compared with C57BL/6 macrophages. Following treatment with 20 ng of rTNF/ml, BM M from gld mice also produced levels of NO comparable to those produced by C57BL/6 control mice, while BM M from gld TNF Ϫ/Ϫ and TNF Ϫ/Ϫ mice produced higher levels of nitrites (Fig. 4) . Thus, the LPS-plus IFN-␥-induced production of NO by macrophages from gldTNF Ϫ/Ϫ mice does not appear to depend on endogenous TNF.
Expression of iNOS and NO in lesions of gld TNF ؊/؊ mice. To correlate these results with the situation observed in vivo, the iNOS activities in the footpads of gld TNF Ϫ/Ϫ , TNF Ϫ/Ϫ , gld, and C57BL/6 mice were measured 0, 8, 30, and 42 days after infection with L. major (Fig. 5) . Thirty days after infection, maximal iNOS activity was detected in the footpads of C57BL/6 mice. Elevated activity was also observed in TNF Ϫ/Ϫ , gldTNF Ϫ/Ϫ , and gld mice, but at lower levels (P Ͻ 0.02). Forty- and gld TNF Ϫ/Ϫ mice and even more so in gld mice (P Ͻ 0.001 versus C57BL/6 mice).
To determine putative alterations in iNOS localization in lesions of mice deficient in both TNF and FasL, histology was performed on lesions of gld TNF Ϫ/Ϫ mice 30 days after infection with L. major, and the results were compared to those for gld, TNF Ϫ/Ϫ , and C57BL/6 mice. The lesions of gld TNF Ϫ/Ϫ mice showed strong and diffuse coloration for iNOS (Fig. 6C) . Similar diffuse coloration was also observed in mice deficient in TNF only (Fig. 6B) , as reported previously (12) . In contrast, iNOS was well localized in the lesions of gld and C57BL/6 mice ( Fig. 6A and D) . Thus, the production of NO in vitro following stimulation with IFN-␥ and nonstimulating doses of LPS and TNF does not appear to be deficient in BM M from gld TNF Ϫ/Ϫ mice. However, within the lesions of L. major-infected gld TNF Ϫ/Ϫ and TNF Ϫ/Ϫ mice 30 days after infection, iNOS appeared not only within macrophages but also diffused within the surrounding tissue.
FasL is required, together with IFN-␥, to decrease intracellular survival of L. major within macrophages. The results presented in this report show that in lesions of TNF Ϫ/Ϫ and gld TNF Ϫ/Ϫ mice, high levels of iNOS were detectable; however, only TNF Ϫ/Ϫ mice that had a functional Fas/FasL pathway were able to control parasite growth within the lesions almost completely. Upregulation of Fas expression by IFN-␥ on macrophages infected with L. major was previously reported and correlated with sensitivity to FasL-mediated apoptosis of BM M infected with L. major (6) . To determine if FasL would also exercise a direct effect on parasite viability within macrophages, L. major-infected BM M were exposed for 48 h to rFasL in the presence or absence of IFN-␥. Incubation of macrophages with a mixture of FasL and IFN-␥ led to considerable reduction in parasite numbers (Fig. 7) , correlating with stimulation of NO production by these cells (data not shown), whereas treatment with either substance alone failed to affect the survival of L. major or to activate NO release. In addition, BM M stimulated with similar doses of either IFN-␥ or FasL alone, in the absence of a nonactivating dose of LPS, failed to produce detectable levels of NO, while costimulation with IFN-␥ and FasL resulted in the production of NO (data not shown).
Of note, macrophages incubated with a mixture of rTNF (0. 
DISCUSSION
In the present study, we have showed that after infection with L. major, mice deficient in both TNF and FasL (gld TNF Ϫ/Ϫ mice) did not heal their lesions and failed to control parasite replication despite the development of a strong Th1 response, with levels of IFN-␥ higher than those measured in resistant C57BL/6 mice. Mice deficient in TNF alone also failed to heal their lesions but almost completely controlled replication of L. major within the site of parasite inoculation. Such control of parasite replication was also observed in mice deficient in TNF signaling due to a lack of TNFRp55 or of both TNFRp55 and TNFRp75 (references 24 and 36 and this report), as well as in C57BL/6 transgenic mice overexpressing soluble hTNFR1. Thus, injection of L. major into mice deficient in TNF signaling due to three different defects resulted in infections in which parasite replication at the site of infection was quite well controlled. This indicates that TNF is only minimally involved in the control of parasite replication, at least in mice exhibiting a functional Fas/FasL pathway. Only in mice deficient in the pathway was TNF observed to play a more important role, since gld TNF Ϫ/Ϫ mice consistently had 10 to 50 times more parasites in their lesions than gld mice ( Fig. 2A) .
Interestingly, these experiments demonstrate a lack of correlation between lesion size and parasite load. Indeed, mice deficient in the TNF pathway exhibited large lesions with minimal parasite load, while on the contrary, gld mice developed lesions that were significantly smaller than those of TNF Ϫ/Ϫ or BALB/c mice while carrying a high number of intralesional parasites. Of note, the number of parasites measured in the lesions of gld TNF Ϫ/Ϫ mice on the C57BL/6 resistant genetic background always remained 10 times lower than those observed in highly susceptible BALB/c mice, presumably due to the numerous genetic factors involved in resistance to infection with L. major (2) .
It was recently reported that TNF Ϫ/Ϫ mice and susceptible BALB/c mice did not control parasite dissemination and succumbed to infection 6 weeks after inoculation with L. major (38) . However, the number of parasites within the lesions was not investigated in that study. With the strain of L. major used in our study, neither TNF Ϫ/Ϫ nor BALB/c mice succumbed to infection up to 12 weeks after parasite inoculation, suggesting that the differences observed may be due to the use of different parasite strains. In addition, although both studies made use of TNF Ϫ/Ϫ mice on the same C57BL/6 background, the embryonic stem cells used to produce such mice were different, i.e., they were of 129 origin in the present report and of C57BL/6 origin in the study of Wilhelm et al. (38) . Although both strains are resistant to infection with L. major, differences due to the genetic background of the embryonic stem cells may also account for the dissimilarities observed.
Following infection with L. major, mice expressing a nonfunctional FasL (gld) only partially controlled the parasite burden, as reported previously (6), much less efficiently than TNF Ϫ/Ϫ mice but more efficiently than gld TNF Ϫ/Ϫ mice. The differences observed in the control of parasite numbers at the site of parasite inoculation in gld TNF Ϫ/Ϫ , TNF Ϫ/Ϫ , and gld mice were not due to defective development of a Th1 type of immune response, as the elevated levels of IFN-␥ detected in their draining lymph node cells, together with a lack of IL-4, were characteristic of a Th1 response. Interestingly, significantly higher levels of IFN-␥ were measured in mice deficient in TNF.
iNOS activity was detected 30 days after infection with L. major in gld, gld TNF Ϫ/Ϫ , and TNF Ϫ/Ϫ mice but at levels lower than that measured in the lesions of C57BL/6 mice. Histology revealed that, in addition to the presence of iNOS within macrophages, diffuse expression was observed in the lesions of both TNF Ϫ/Ϫ and gld TNF Ϫ/Ϫ mice. Similar diffuse iNOS expression within the lesions of infected TNF Ϫ/Ϫ mice was reported previously and was also observed in draining lymph nodes late in infection (38) . However, the diffuse aspect of iNOS cannot explain the failure to control parasite replication that was observed in the lesions of gld TNF Ϫ/Ϫ mice, since TNF Ϫ/Ϫ mice successfully controlled parasite replication despite exhibiting diffuse iNOS staining. The defective control of parasite replication observed in the lesions of gld TNF Ϫ/Ϫ mice is most likely due to the absence of a FasL pathway. The numbers of macrophages within the lesions of gld mice have been reported to be increased following infection with L. major (6) , so the significant increase in iNOS activity measured 42 days after infection (Fig. 5B ) may result from a higher number of activated macrophages within the lesion. Such an accumulation of macrophages was also observed by histochemical analysis in gld TNF Ϫ/Ϫ mice 42 and 60 days after infection with L. major (data not shown), confirming that the number of macrophages present within a lesion does not always correlate with the size of the lesion. In gld TNF Ϫ/Ϫ mice, the number of macrophages present in the lesions is comparable to that in gld mice but the iNOS activity measured is lower, revealing that TNF likely accounts for a great part of the iNOS activation measured late in infection.
TNF has been reported to play an essential homeostatic role in limiting the duration of the inflammatory process (23) and in the control of inflammation in several models of infection, including infections with L. major (15, 28) . In this report, we show that mice lacking TNF, despite the control of parasite replication at the site of L. major infection, develop large inflammatory lesions that do not resolve during the period tested. Thus, TNF appears to be essential in the resolution of the inflammatory lesion during infection with L. major but not in the control of parasite replication.
The mechanism of action of FasL in controlling parasite replication might involve induction of macrophage apoptosis by FasL-expressing CD4 ϩ Th1 lymphocytes. It has been shown that macrophages upregulate the surface expression of Fas in response to IFN-␥ and may thereby become susceptible to apoptosis upon interaction with CD4 ϩ Th1 cells expressing FasL (6 (21, 22) , elevated amounts of NO released from cytokine-activated macrophages have been reported to act to stimulate macrophage effector functions and simultaneously to induce apoptosis (1) . Furthermore, high levels of NO were shown to induce soluble-FasL release in vitro, as well as upregulation of Fas expression in macrophages (25) . FasL release was also reported to be triggered by phagocytosis and to induce the apoptosis of bystander monocytes (5). Thus, the high level of activity of iNOS and its resulting NO observed within the lesions of TNF Ϫ/Ϫ mice may sensitize macrophages to Fas-mediated apoptosis through interactions with CD4 ϩ Th1 cells expressing FasL (26, 40) and/or through secretion of FasL by activated macrophages, resulting in negative feedback favoring deletion of macrophages within the lesion. In gld TNF Ϫ/Ϫ mice, as well as in gld mice, NO is unable to induce Fas/FasL-mediated apoptosis of macrophages due to deficient FasL, resulting in increased numbers of macrophages within the lesion (6), thereby allowing L. major proliferation. Thus, NO might at the same time induce microbicidal functions within the macrophages and regulate macrophage numbers at the site of parasite inoculation through interactions with FasL. We further show that in vitro, FasL is indeed required for macrophage leishmanicidal activity in the presence of NO.
Thus, we show here that early after infection, TNF does not play an important role in parasite control during infection with L. major. We further demonstrate that FasL, acting in synergy with IFN-␥ and iNOS, appears to be essential in the control of parasite replication within the lesions, acting on both the apoptosis of macrophages and their microbicidal function.
